A liquid phase, competition-binding radioimmunoassay for wheat germ agglutinin, with a detection limit of 10 nanograms, was developed in order to determine the distribution of this lectin in young wheat plants. Affinity columns for wheat germ agglutinin removed al antigenicaily detectable activity from crude extracts of wheat tissue; thus, the antigenic crossreactivity detected by the assay possesses sugar-binding specificity similar to the wheat germ-derived lectin. MATERIALS AND METHODS Grain. Triticum aestivum L. cv "Era" was purchased from Olds Seed Company, Madison, Wisconsin. "Argee," "Titan," "Potomac," and "Little Club" varieties were obtained from sources at the University of Wisconsin, Madison. The "Era" cultivar was used in all experiments unless otherwise indicated.
Despite wide interest and much research (see ref. 12 for review), the lectins of higher plants remain, to a large extent, proteins in search of functions. As part of the effort to determine the possible functions of these proteins, their distribution in the various tissues of the plant during its life cycle has been investigated. Such studies of lectin distribution, however, have been applied mainly to the legume lectins. Interest has focused on the legumes because of the hypothesis that lectins play a role in the recognition of rhizobial symbionts. However, since the bulk of the lectin activity in numerous legumes has been shown to be localized in the cotyledons, with little if any present in the root tissues (e.g. 24) , the role of lectins in rhizobial interactions remains unclear.
In contrast to the legumes, there has been little investigation of the tissue distribution of lectins from nonleguminous plants. An understandable cause for this lack of interest is the absence in many plants of an (20) , and of binding to the polymer of bacterial cell walls (1) make WGA a candidate for a role in the recognition or control of various pathogens. Because of this interest, we describe here the development of a competitive-binding, liquid phase RIA for WGA and its application in studies on the localization of WGA in the plant.
MATERIALS AND METHODS Grain. Triticum aestivum L. cv "Era" was purchased from Olds Seed Company, Madison, Wisconsin. "Argee," "Titan," "Potomac," and "Little Club" varieties were obtained from sources at the University of Wisconsin, Madison. The "Era" cultivar was used in all experiments unless otherwise indicated.
Production of CH. A preparation of oligomers of GlcNAc was produced by hydrolyzing chitin as described by Rupley (27) . The oligomer preparation used was that obtained by eluting the charcoal-celite with 60% ethanol after extensive washing with water and 10%o ethanol. We determined that the mixture was composed of monomers, dimers, trimers, tetramers, and higher weight oligomers by paper chromatography using a 4:1:1 I-butanolethanol-water solvent system. This heterogeneous mixture was used in the preparation of the affinity ligand for the purification of WGA, as an inhibitor of WGA-sugar interactions in hemagglutination assays and RIA, in the elution of [125IJWGA from affinity columns, and to wash WGA from roots.
WGA Purification. During the early part of the study, WGA was purified from raw wheat germ by the method of Bouchard et al. (4), except that powdered chitin (Sigma), prepared as described by Bloch and Burger (3), was used as the affinity ligand. During the latter part of the study, WGA was purified by the method of Uy and Wold (31) on a column of epoxide-activated Sepharose 4B to which was linked the chitin hydrolysate described above. Complete N-acetylation of the bound oligomers was ensured by reacetylation of the beads as described by Desai and Allen (8).
The EA 1 cm of 15 reported by Nagata and Burger (22) was used to determine the WGA concentration of pure solutions.
Hemagglutination Assay. Rabbit red blood cells were trypsinized as described by Lis and Sharon (17) and then fixed with glutaraldehyde by the method of Turner and Liener (30) . The cells were stored at 4 C as a 20%o suspension (packed cells to total volume) in PBS containing 0.02% sodium azide. For the hemagglutination assay, 10-,Il aliquots of sample serially diluted in 2-fold increments were placed in conical microtiter wells followed by 100l,ul of a 1% suspension of red blood cells in PBS. To check whether hemagglutinating activity was inhibitable by sugars that bind to WGA, CH at 0.5 mg ml-' was included in the red blood cell suspension. End points, expressed as the reciprocal of the greatest dilution that yielded positive hemagglutination, were read after a 1-h incubation at 4 C. In our assay, a solution of WGA at 10 fig ml-' generated a titer of 4.
Antibody Preparation and Immunological Techniques. Rabbits received an injection intramuscularly at multiple sites of a total of 0.5 mg WGA in complete Freund's adjuvant. Two weeks later, a second injection of 0.5 mg in incomplete adjuvant was given in the same fashion as the first. After another 10 days, the rabbits were bled. This sequence was repeated with the WGA dose reduced to 0.1 mg and with incomplete Freund's adjuvant after the rabbits had rested for 14 days or more. A partially purified immunoglobulin fraction was obtained by adding a volume of 80%o saturated ammonium sulfate to an equal volume of crude serum and precipitation overnight at 4 C. The precipitate was collected by centrifugation at l0,OOOg for 10 min, washed twice with 40%o saturated ammonium sulfate, and resuspended in a volume of PBS equal to that of the initial aliquot of serum. It was then dialyzed extensively against distilled H20 and, finally, PBS containing 0.02% sodium azide. Immunoglobulin fractions prepared in this way from antisera, nonimmune sera, and goat antirabbit-IgG sera were used in the RIA.
Double diffusion was performed in 0.5% agarose gels prepared with barbital buffer (pH 8.6) to which was added GlcNaC at 50 mm to inhibit the formation of sugar-lectin precipitin bands. Immunoelectrophoresis was performed in 1.5% agarose gels prepared in 20 mm Tris-acetate buffer (pH 7.4). This, rather than the standard pH 8.6 barbital buffer, was used because, at the higher pH, the lectin does not move from the origin (pI isoelectric point of WGA _ 8.7 [25] ). Gels, prepared by pouring 7 ml molten agar into a 3-x 5-inch glass slide, were run for 90 min at 5 mamp/gel. A single precipitin band was seen in both double diffusion and immunoelectrophoresis ( Fig. 1) when antiserum diffused against either purified WGA or crude wheat germ extract.
RIA. During the early part of the investigation, ['25IJWGA was prepared by the chloramine-T method as described by Burridge (6), except that the incubation time in chloramine-T was reduced A B FIG. 1. Immunoelectrophoresis of purified WGA and crude wheat germ extract. GlcNAc (100 mM) was included in the gels in B and C.
Purified WGA (-30 jig) was added to each upper well, and 30 i1 of a wheat germ extract, obtained by homogenizing 5 g of wheat germ in 25 ml 0.05 N HCI followed by centrifugation and dialysis against distilled H20, was added to each lower well. After electrophoresis (as described in the text), either nonimmune (A and B) or immune (C) IgG fractions were added to the center trough and allowed to diffuse for 48 h at 4 C. The gels were stained with phenol red and dried (11) before being photographed through a green filter. Note that the diffuse precipitin band (in A; arrow) does not form in the presence of 100 mrm GlcNAc (B).
to 5 min. During the latter part of the investigation, the insoluble catalyst, lodo-gen (Pierce Chemical Company), was used to perform the radioiodination. In this procedure, 100,ug WGA in 0.1 ml PBS with GlcNac at 40 mg ml-' were added to I mCi of carrier-free Na'251 (New England Nuclear), which in turn was transferred to a tube coated with 4,ug lodo-gen as described by Markwell and Fox (18) . After gentle agitation in an ice-water bath for 5 min, 50,ul of 10 mm tyrosine was added, and the tube was agitated for another min. The reaction mixture was then diluted with 3 ml unlabeled 0.25 M Nal in PBS. The contents of the reaction tube were then applied to a small column of powdered chitin that had been equilibrated with 0.25% BSA in PBS. The column was washed with PBS until fewer than 4 x 104 cpm ml-' were detected in the effluent. The labeled lectin was eluted with PBS containing 10 mg ml-' CH and then dialyzed against PBS to remove the large amounts of inhibitory sugar.
Radioiodination by either method yielded ['25IJWGA with a specific activity of 108 to 109 cpm mg-WGA. The labeled lectin was found to be nonspecifically precipitated by nonimmune serum unless it was repurified after the iodination procedure by affinity chromatography. In addition, if affinity chromatography repurifled ['25IWGA was stored at 1 x 108 cpm ml-' (the concentration of the lectin in the effluent of the affinity column), nonspecific precipitation would return within 7 days. However, we found that the labeled WGA would remain satisfactory for the RIA for at least 30 days if it was diluted 100-fold in PBS containing 0.25% BSA immediately after affinity column repurification and stored either at 4 or -20 C.
Radioactivity was determined by liquid scintillation counting in a 1:1 Triton X-100-toluene cocktail containing 6 g PPO and 0.25 g POPOP/liters. (Sigma).
Because the surveys in this study involved numerous samples, a rapid and efficient assay system was devised. It was found that, iflarge immunoprecipitates were formed, the supernatant fractions could be easily removed for counting without disturbing the pellet. This was accomplished by diluting the antiserum in nonimmune serum that had been diluted to an A 280m of 0.1.
The RIA protocol was as follows: to 1.5-ml polypropylene centrifuge tubes were added, in order, 10 t,l PBS containing 4 mg ml-' CH, 100,ul sample or standard, 250,ul nonimmune serum or 6,000-fold diluted antiserum, and 50 ,u [125IWGA (I ng tul-') in PBS containing 0.25% BSA. After incubation for I h at 4 C, 20 pl of 2-fold diluted goat antirabbit IgG was added. After storage at 4 C for 18 to 24 h, the immunoprecipitate was pelleted by centrifugation for 10 (Table I ). Little Club, a variety maintained as a host for many fungal pathogens (e.g. 28), has somewhat higher levels.
To determine the location of WGA in dry and imbibing grain, Table III . Prior to assay, the water was filtered through a glass fiber filter and concentrated to 2 ml on an Amicon ultrafiltration apparatus fitted with a PM 10 filter. Small amounts of lectin were recovered from the incubation medium during the first 24 h after the beginning of imbibition (Table III) . WGA Distribution during Early Growth. Since the observed pattern of lectin distribution is a function of the manner in which the plants are dissected, various preparation methods were tried before a satisfactory scheme was found. The trials demonstrated that after the first week of growth most of the lectin associated with the shoot could be extracted from the basal portion. Given this finding, plants were prepared for the time course study as follows: after the pericarp and endosperm were pulled from the plants with a forceps, the roots were cut where they emerged from the shoot and rinsed in distilled H20. Shoots of 3-day-old plants were harvested whole, whereas in older material, the shoot was cut 5 cm from its base, and the proximal and distal segments were pooled separately for assay. The proximal fraction, termed leaf base in Table IV , contained all of the meristematic tissue of the young shoot as well as some mature leaf tissue. The distal shoot fraction, defined as leaf apex in Table IV , contained only mature leaf tissue. The small size of the 3-day-old shoots (I cm) precluded easy, mass dissection into meristematic and adult regions; however, because this fraction contained all of the intercalary meristems, it is included with the leaf base fraction in Table IV . After dissection all tissue was prepared for assay as described under "Materials and Methods."
At 34 days of growth, the plant still contains almost 50%o of the levels of lectin found in the dry seeds, with approximately onethird in the roots and two-thirds in the shoot (Table IV) . All of the lectin in the shoot appears in the basal fraction. Assayable levels of WGA never appeared in the leaf apices at any time during the time course. The limit of detectability per plant for this fraction increased with age due to the larger volume necessary to homogenize the increased amounts of leaf tissue. To ascertain an upper limit for the amount of lectin in the leaf apices, apices from 75 plants, 14 days old, were prepared for assay as described above, except that prior to assay, the extract was concentrated on an Amicon ultrafiltration apparatus fitted with a PM 10 filter. This extract, 10-fold more concentrated than those assayed for the time course study, yielded 5.9 ± 0.5 ng WGA/plant. The high level of protein in this concentrated extract might have introduced nonspecific competition for antigenic sites in the RIA. Thus, the value obtained should be considered an upper limit rather than an absolute value for the level of WGA in leaf apices. We concluded, however, that less than 5% of the WGA in the shoot of 14-day-old plants is located in the apical portion. Distribution of Lectin in the Roots. Given the heterogeneous distribution of lectin in leaves, we sought to determine whether a similar heterogeneity exists in roots. Two methods of dividing root tissues were employed. First, roots from 80 plants, 18 days old, were cut from the shoot axes. The proximal 2 cm were separated from the distal 14 cm, yielding fractions with 23 and 77% of the fresh weight of the roots, respectively. Each fraction was found to contain 30 to 40 ng WGA/plant. Thus, on a fresh weight basis, there was a 3-fold enrichment in WGA in the proximal fraction.
These results might indicate that, unlike the shoots, the older tissue of roots is enriched in WGA. An alternate explanation, however, is that the proximal 2 cm contain young, rapidly growing adventitious roots as well as older root tissue, and it is these adventitious roots that are enriched in WGA. This hypothesis was tested using older plants. After 30 days of growth, recently emerged adventitious roots are easily distinguished from older roots. These younger roots, with larger diameters and more abundant root hairs, were easily separated out during the dissection of the root system. The data in Table V demonstrate that the younger roots contain two-thirds to three-quarters of the lectin in the root Plant Physiol. Vol. 66, 1980 system. When expressed on a fresh weight or protein basis, the younger roots are enriched in WGA by more than an order of magnitude.
To determine whether the root lectin might be localized on the cell surface or in cellular membranes, roots were washed and homogenized. The homogenates were fractionated by differential centrifugation. While attached to the plant axes, the roots from 50 plants, 14 days old, were soaked at 4 C for 10 min in four washes of alternating PBS and PBS with 10 mg ml-' CH. Although PBS alone solubilized some WGA, the addition of CH to the wash buffer increased this amount 3-fold (Table VI) . Therefore, some of the lectin is available for removal from intact roots and might be bound through its sugar-binding sites. The second set of washes yielded decreased amounts of lectin; however, when the roots were homogenized, a considerable proportion of the lectin was solubilized (Table VI) . Thus, close to 50%o of the lectin associated with the roots is not available for solubilization until the roots are disrupted. The difference in specific activity between the lectin in the washes and the lectin in the homogenate is striking. If broken cells at the root surface were the source of the WGA solubilized during the washes, the more than an order of magnitude difference in specific activity would not be expected. Thus, some of the lectin associated with the root may be secreted and exposed at the root surface.
DISCUSSION
Our findings demonstrate that the pattern of WGA distribution is markedly different from that of the legume lectins. This difference is prominent even in the dry grain and seed. WGA is present at approximately I jig/dry grain whereas soybean lectin, for instance, is present at mg levels per dry seed (24) . When the 7-fold difference in dry weight is accounted for, the three orders of magnitude difference in lectin levels is still substantial. It is interesting to note that, even though they are not embryologically homologous, the storage organ in wheat, the endosperm (which is not part of the embryo), is virtually devoid of WGA, whereas the storage organ in soybean, the cotyledon (which is part of the embryo), contains the highest levels of lectin in the seed (24) .
After germination, the levels of WGA per wheat plant remain high for at least 34 days. In contrast, many legume lectins (Phaseolus vulgaris (19) , Dolichos biflorus (29), Lens culinaris (15), (20) .
It may also function in a defense system against fungal pathogens along with the chitinase recently purified from wheat germ (21) .
